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Open access under the ElThis study analyzed water quality in regions around Patos lagoon (Southern Brazil) that are under anthro-
pogenic pressure. Water samples were collected from ﬁve different sites, including one used as a source
for human consumption (COR) and others known to be inﬂuenced by human activities (IP). Danio rerio
(Teleostei, Cyprinidae) organisms were exposed for 24 h to these water samples, plus a control group.
It was observed that: (1) reactive oxygen species levels were lower in COR and IP than in the control
group; (2) glutamate-cysteine ligase (catalytic subunit) expression was higher in COR than in other sites;
(3) exposure to all water samples affected long-term memory (LTM) when compared to control group.
Thus, some water samples possess the ability to modulate the antioxidant system and to induce a decline
in cognitive functions, as measured by LTM. The obtained results indicate that a combination of variables
of different organization level (molecular, biochemical and behavioral) can be employed to analyze water
quality in impacted regions.
 2010 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The classical study of Adams et al. (1989) investigated a differ-
ential sensitivity and speciﬁcity of toxic responses along increasing
levels of biological organization. These authors considered
molecular and biochemical variables to be more speciﬁc and more
sensitive than population and community parameters. Variable
measured at higher organizational levels offer information ecolog-
ically relevant, although frequently is not easy or even possible to
establish a clear cause-effect relationship with pollutants.
However, changes in biochemical and physiological levels induced
by toxicants may be directly or indirectly associated with an alter-
ation in behavioral responses, which are ecological relevant end-
points (Scott and Sloman, 2004). In the last few years, several
studies have analyzed the effects of pollutants on behavioralcias Biológicas (ICB), Univer-
96.201-900, Rio Grande, RS,
q.br (J.M. Monserrat).
stituto de Geociências, Labo-
1 – Guamá, CEP: 66075–110 –
sevier OA license.parameters in ﬁsh (Nakayama et al., 2004; Yilmaz et al., 2004),
meaning that toxicants dissolved in water may induce neurotoxic
and concomitant behavioral effects.
The fact that several chemically non-related compounds pos-
sess the ability to generate oxidative stress has prompted the use
of antioxidant and oxidative damage responses as sensitive and
non-speciﬁc biomarkers, useful to characterize impacted environ-
ments with complex mixtures of contaminants (Viegas-Crespo
et al., 2003; Geracitano et al., 2004; Amado et al., 2006a,b;
Ferreira-Cravo et al., 2007). Some antioxidants, like the tripeptide
glutathione (GSH) are particularly relevant in virtue of their role
as a co-substrate of antioxidants and phase II enzymes like gluta-
thione peroxidase and glutathione-S-transferase (Grifﬁth, 1999;
Cnubben et al., 2001). In GSH synthesis, the activity of the enzyme
glutamate-cysteine ligase (GCL) is the limiting step, and its expres-
sion can be modulated by a number of different factors, including
reactive oxygen and nitrogen species (White et al., 2003). The
enzyme GCL is a dimeric protein, with a catalytic (GCLC) and a
modulatory (GCLM) subunit. At the 50 ﬂanking region, the GCLC
gene possesses several ligand sites for transcription factors, includ-
ing AP-1, NF-jB and Nrf2 (Díaz et al., 2001a,b; Kang et al., 2005)
that modulate its expression. Activation of GCLC has been reported
by Schuliga et al. (2002) after exposure of human cells to inorganic
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ylmercury. Also Carvan et al. (2001) reported that zebraﬁsh ZEM2S
cells transfected with a construct containing an electrophile re-
sponse element (EPRE) fused to a minimal promoter and a cDNA
encoding ﬁreﬂy luciferase showed high ﬂuorescence after exposure
to organophosphorus pesticides.
Water is both a vital resource and, at the same time, a vehicle
for the transport and dilution of toxic substances (Schnurstein
and Braunbeck, 2001). In Patos lagoon (Southern Brazil), the exis-
tence of several anthropogenic activities including rice cultivation,
use of pesticides, introduction of exotic tree species, among others,
have lead to concerns about the integrity of the ecosystem, partic-
ularly in terms of ichtiofauna and with regard to the loss of habitat
for some ﬁsh species and alterations in the reproductive cycle of
others (Seeliger and Kjerfve, 2001; Burns et al., 2006; Garcia
et al., 2006). These ecological studies indicate the possible exis-
tence of pollutants that may be affecting the well-being of the
aquatic fauna. Grützmacher et al. (2008) have monitored regions
around Patos Lagoon (São Gonçalo Channel and Piratini river)
along the 5 months corresponding to the period of herbicides and
insecticides application in irrigated rice cultures. In all sampling
occasions they have found residues of pesticides in some sampling
site, although from sowing to harvesting the quantity of pesticide
residues in water has decreased.
Since the 1970s the land area around sample sites has seen a
dramatic expansion of rice cultivation that has encroached on
wildlife habitats (Sherbinin, 2005). Among the 1.3 million hectare
of rice grown in Brazil, about 73% are in the RS, contributing about
50% of national rice production. This activity requires a high con-
sumption of water, equivalent to 80% of water consumed in the
State (Cabrera et al., 2008). On the last harvest (2009/2010) the
two cities nearby sample sites contributed with 589 655 tons of
the total 6.8 million tons produced in all State (IRGA, 2010). A
theoretical prediction on risk estimate of water contamination by
pesticides in the area that includes the sample sites of the present
study was made by Cabrera et al. (2008). Using the approaches
suggested by EPA-USA, the Groundwater Ubiquity Score Index
(GUS) and the GOS method associated with physicochemical
properties of the 27 pesticides that have been used in the region,
they concluded that at least 19 of the 27 pesticides have shown
contamination risk for surface and groundwaters (Cabrera et al.,
2008).
Taking into account these previous reports, the objective of the
present study was to analyze the effects of water sampled at differ-
ent sites on the Patos lagoon on several variables with increasing
levels of biological organization. All the bioassays were conducted
with zebraﬁsh (Danio rerio) and cultured hepatocytes from the
same species. Zebraﬁsh is widely employed as an animal model
for toxicological studies together with at least other nine species
(including turbot and trout, for example) (Carvan et al., 2007)
and also as a biological model for several human diseases (Keller
and Murtha, 2004). Recently, an apparatus for the measurement
of different types of memories has been developed for this species
(Castro et al., 2009).2. Materials and methods
2.1. Water sampling and bioassays
Water samples were collected at different points along the sys-
tem Mirim-Patos lagoon (Rio Grande do Sul, RS – Southern Brazil):
(1) ‘‘Foz do rio Piratini’’ (3200056.2000S; 5225008.1000W); (2) COR,
water source for human consumption at the region (3202024.0600S;
5224037.8400W); (3) ‘‘Ilha Pequena’’ (3206013.0400S; 5234022.8700W);
(4) ‘‘Santa Izabel’’ (3207010.4000S; 5235039.5100W); and (5) ‘‘LagoaMirim’’ (3211024.4500S; 5240028.0700W). Samples were maintained
on ice and transported to the laboratory on the same day, where they
were frozen at 20 C before to the execution of bioassays. Table 1
shows water sample characteristics in terms of ionic concentration,
carbon content and pH.
To analyze the inﬂuence of water samples on several measured
endpoints (see below), adult zebraﬁsh D. rerio (0.31 ± 0.18 g body
mass) were obtained from a local commercial supplier and trans-
ferred to the laboratory. Fish were acclimated to experimental con-
ditions in plastic tanks containing 30 L of aerated water
(temperature 26 ± 1 C and pH in the range of 6.9–7.1) and a re-
gime of a 12/12 h light/dark cycle, for 2 weeks before experiments.
Fish were fed daily with a commercial ration TetraColor by Tetra.
Zebraﬁsh were exposed for 24 h to the different water samples
(plus a control group) in aquariums.
At the end of the experiment, ﬁsh were tested in the behavioral
device (see Section 2.5) to analyze their long-term memory (LTM)
and were then sacriﬁced. Gills were dissected and homogenized
(1:10) in Tris–HCl (100 mM, pH 7.75) buffer plus EDTA (2 mM)
and Mg2+ (5 mM) (Gallagher et al., 1992). Samples were centri-
fuged at 20 000g for 20 min at 4 C and the supernatant was re-
served for antioxidant measurements. Total protein content was
determined through the Biuret method (550 nm), in triplicate,
using a microplate reader (BioTek LX 800). In case of the assay
for GCL expression, gill RNA was immediately extracted by using
TRIzol (Invitrogen) for further analysis by PCR (see Section 2.3).
For cell culture assays, zebraﬁsh hepatocytes (ZFL) from D. rerio
were employed, obtained from the American Type Culture Collec-
tion (ATCC). The cells were grown in RPMI 1640 (Gibco) medium
supplemented with sodium bicarbonate (0.2 g L1), L-glutamine
(0.3 g L1), Hepes (25 mM) and b-mercaptoethanol (5  105 M),
with 10% fetal bovine serum (Gibco), 1% antibiotic (penicillin
(100 U mL1) and streptomycin (100 lg mL1) (Gibco) and antimy-
cotic (0.25 lg mL1) (Sigma), in cell culture ﬂasks, at 28 C. Then,
ZFL cells were incubated in medium without b-mercaptoethanol
in 24 wells culture plates to a ﬁnal concentration of 5  105 cells
mL1. Cells were allowed to attach for 24 h at 28 C, and after sub-
mitted to water samples or tap water (control group). The assays
were made with RPMI concentrated medium with water samples,
which were diluted 30%. The cells were incubated for 24 h and
each treatment was performed in triplicate. After the exposure,
the medium was removed, the cell monolayers washed with
phosphate buffered saline (Ca2+ and Mg2+ free; PBS) and then tryp-
sin–EDTA (trypsin 1.25 g L1, EDTA 0.2 g L1) was added. After
trypsinization, the same volume of medium was added to the
samples. Cell viability was measured by trypan blue exclusion.
2.2. Measurement of reactive oxygen concentration (ROS) and
antioxidant capacity against peroxyl radicals (ACAP) in hepatocytes
and gill tissue
Zebraﬁsh hepatocytes (5  105 cells mL1 in PBS) exposed to
water samples during 24 h were trypsinized, washed with PBS
(twice) and incubated for 30 min at 28 C with the ﬂuorogenic
compound 20,70-dichloroﬂuorescin diacetate (H2DCF-DA) at a ﬁnal
concentration of 40 lM, according to the methodology employed
by Ferreira-Cravo et al. (2007). H2DCF-DA passively diffuses
through cellular membranes and once inside the acetates are
cleaved by intracellular esterases. Thereafter, the non-ﬂuorescent
compound H2DCF is oxidized by ROS to the ﬂuorescent compound
DCF. After the loading with H2DCF-DA, the cells were washed with
PBS twice and suspended in fresh PBS. Aliquots of 160 lL of each
sample (ﬁve replicates) were placed into an ELISA plate and the
ﬂuorescence intensity determined at 28 C, using a ﬂuorimeter
(Victor 2, Perkin Elmer), with an excitation and emission wave-
length of 485 and 520 nm, respectively. ROS levels were expressed
Table 1
Chemical composition of water samples collected at different places of Patos lagoon. COR: water source for human consumption at the region. IP: Ilha Pequena. SI: Santa Isabel.
LM: Lagoa Mirim. FZP: Foz do rio Piratini. Tap water: water employed as control group in the assays conducted with zebraﬁsh (Danio rerio) and hepatocytes of the same species
(ZFL line). Ion concentrations are expressed in mg L1, except for Fe and Cu (in lg L1). In all cases, values are expressed as mean ± standard error (n = 2–3). NF: non-ﬁltered water.
F: ﬁltered water.
Water sample pH Na Mg Ca K Cl Fe Cu C (NF) C (F)
Tap water 7.00 ± 0.01 10.95 ± 1.19 1.85 ± 0.51 13.2 ± 1.68 0.65 ± 0.21 0.55 ± 0.06 51.08 ± 6.60 4.00 ± 0.40 2.22 ± 0.25 2.19 ± 0.28
FZP 7.70 ± 0.02 8.73 ± 0.39 1.30 ± 0.33 6.10 ± 1.40 0.50 ± 0.00 0.24 ± 0.10 23.86 ± 6.81 3.02 ± 0.37 3.85 ± 1.91 3.73 ± 2.44
COR 7.79 ± 0.02 12.58 ± 0.74 1.27 ± 0.58 4.77 ± 1.40 0.45 ± 0.28 0.13 ± 0.06 21.56 ± 6.79 2.10 ± 0.35 3.70 ± 0.99 4.05 ± 1.17
IP 8.07 ± 0.01 7.98 ± 2.93 1.46 ± 0.58 5.57 ± 2.37 0.6 ± 0.28 0.23 ± 0.10 16.41 ± 4.83 2.05 ± 0.75 3.11 ± 1.18 3.27 ± 1.91
SI 7.83 ± 0.04 9.43 ± 1.24 1.25 ± 0.61 5.05 ± 2.13 0.48 ± 0.25 0.17 ± 0.01 15.76 ± 12.2 1.98 ± 0.28 4.14 ± 0.80 4.38 ± 1.10
LM 7.46 ± 0.08 10.55 ± 0.64 1.15 ± 0.48 4.28 ± 1.09 0.55 ± 0.21 0.09 ± 0.03 8.33 ± 2.40 2.49 ± 0.26 3.11 ± 2.36 3.25 ± 2.05
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second order polynomial and integrating between 0 and 90 min
in order to obtain its area. For gill tissues, the same methodology
was employed, using a medium containing 30 mM HEPES (pH
7.2), 200 mM KCl, 1 mMMgCl2, 40 lMH2DCF-DA and 166 lg of gill
sample protein. Background ﬂuorescence was determined before
the addition of H2DCF-DA.
Antioxidant capacity against peroxyl radicals (ACAP; Amado
et al., 2009) was analyzed through ROS determination with or
without adding the peroxyl radical generator 2, 20-azobis 2 meth-
ylpropionamidine dihydrochloride (ABAP; 4 mM; Aldrich) that at
35 C decomposes to generate peroxyl radicals (Winston et al.,
1998). The same methodology to integrate and calculate area
was employed. The difference between ROS area with and without
ABAP was considered as a measure of antioxidant capacity, with
high ACAP values indicating low antioxidant capacity, since high
ﬂuorescence levels were obtained after adding ABAP, reﬂecting a
low competence to neutralize peroxyl radicals (Amado et al.,
2009).2.3. Determination of glutamate-cysteine ligase catalytic subunit
(GCLC) expression
RNA concentration and integrity was determined by measuring
absorbance at 260 and 280 nm. The ﬁrst strand was synthesized
from 5 lg total RNA according to the 3’RACE System for Rapid
Ampliﬁcation of cDNA Ends protocol (Invitrogen, Brazil), using
the adapter primer provided with the kit. A nucleotide sequence
of the coding region of the catalytic subunit of glutamate-cysteine
ligase (GCL) enzyme was found in GenBank (http://www.ncbi.
nlm.nih.gov/) and was used for designing the primers. The pair
employed was selected in virtue of its speciﬁcity and absence of
auto-complementarily:
ZFGCL1-for: 50-AGGCCTGAGTATGGCAGCTA-30
ZFGCL3-rev: 50-GTGGTCCGATTCGTTCTCAT-30
The following conditions were ﬁxed for PCR runs: 94 C for
2 min, then 30 cycles of 94 C for 30 s, 60 C for 30 s and 72 C
for 1:30 min. A ﬁnal extension step of 10 min at 72 C was per-
formed. After ampliﬁcation, the samples were analyzed by electro-
phoresis in 1% agarose gels.2.4. Measurement of activity of glutamate-cysteine ligase (GCL)
activity and glutathione (GSH) concentration
Activity of GCL and GSH levels were determined according
White et al. (2003). This method is based on the reaction of naph-
thalene dicarboxyaldehyde (NDA) with GSH or c-glutamylcysteine
(c-GC) to form cyclic products that are highly ﬂuorescent. On a 96-
well round-bottom reaction plate, aliquots (25 lL) of GCL reaction
cocktail (400 mM Tris, 40 mM ATP, 20 mM L-glutamic acid, 2.0 mM
EDTA, 20 mM sodium borate, 2 mM serine and 40 mMMgCl2) were
added into each well. For assays, aliquots of 25 lL of sample werepipetted into a pre-warmed (25 C) reaction plate at 15 s time
intervals. After 5 min of pre-incubation, the GCL reaction was initi-
ated by adding 25 lL of 2 mM cysteine dissolved in buffer solution
(100 mM Tris–HCl, 2 mM EDTA and 5 mMMgCl26H2O, pH 7.75). In
order to measure GCL activity, cysteine was not added to the GSH-
baseline wells at this time. After 10 min, the GCL reaction was
stopped by adding 25 lL of 200 mM sulfosalicylic acid to all wells,
and then 25 lL of 2 mM cysteine was added to the GSH-baseline
wells. An aliquot (20 lL) was mixed with 180 lL of NDA derivati-
zation solution (50 mM Tris, pH 12.5; 0.5 N NaOH; and 10 mMNDA
in dimethyl sulfoxide, 1.4/0.2/0.2 v/v/v) in a 96 well plate. The
plate was covered to protect the wells from ambient light and
was allowed to incubate at room temperature for 30 min. Follow-
ing incubation, NDA-c-GC or NDA–GSH ﬂuorescence intensity
was measured (472 nm excitation/528 nm emission) in a ﬂuores-
cence microplate reader (Víctor 2, Perkin Elmer).2.5. Evaluation of long-term memory in zebraﬁsh
Fish were trained on an inhibitory avoidance paradigm, as pre-
viously described for rats (Barros et al., 2007) and adapted for ﬁsh
in our laboratory. The employed apparatus is under a patent proto-
col in INPI (Instituto Nacional de Propriedade Industrial) under
number 0000220704494890 in 07/09/2007) was described previ-
ously by Castro et al. (2009). During the training session the ﬁsh
were placed inside the instrument, precisely at the bright zone.
As observed by Serra et al. (1999) zebraﬁsh swim into the dark
compartment, possibly looking for protection. The latency (in sec-
onds, s) of the entrance to the dark side was measured with a chro-
nometer and immediately an electric shock (6 V and 5 mA) applied,
providing the unconditioned stimulus. At the end of the training
session, ﬁsh were exposed during 24 h to water samples, as de-
scribed in Section 1. Long-term memory (LTM) retention was eval-
uated in a test session carried out 24 h after training. The latency to
enter in the dark side during the test session was taken as an indi-
cator of memory retention. A ceiling of 120 s was imposed to enter
in the conditioned compartment during the retention test.2.6. Calculation of an integral biomarker index
This index is basically derived from the one proposed by Adams
et al. (1989). Using this methodology, the biological responses (val-
ues of the biomarkers) were assigned to categories according to the
degree of observed response. The categorization of the responses
for each of the biomarkers was carried out referring data to control
tap water values. Those data that were inside the 95% conﬁdence
interval were regarded as belonging to ‘‘category zero’’. Data out-
side of this interval but within the interval of mean response ± 1SD
were assigned to ‘‘category 1’’. Finally, data outside the last interval
were included into ‘‘category 2’’. This arrangement allowed
describing the response for each variable in terms of data disper-
sion from control group. These categories were also employed to
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condition. To do this, if ﬁsh presented 33% or more of its parame-
ters in category 1 were classiﬁed as ‘‘affected’’ (ﬁrst class). By the
other side, ﬁsh presenting 33% or more of its parameters in cate-
gory 2 were considered as ‘‘highly affected’’ (second class). Thus,
the biomarker index for each experimental condition emerged
from these values expressed as% of affected or highly affected
individuals.2.7. Statistical analysis
All variables, except LTM, were analyzed by means of ANOVA
(Zar, 1984). Previously, normality and variance homogeneity was
veriﬁed and mathematical transformation applied if at least one
assumption was violated. Means comparisons were performed
with the Newman-Keuls method. For LTM data, as a ceiling of
120 s was imposed to enter in the conditioned compartment dur-
ing the retention test, the non-parametric Kruskal–Wallis test was
applied, followed by Dunn’s post hoc comparisons. In all cases, the
signiﬁcance level was ﬁxed in 0.05.Fig. 2. (a) Concentration of reduced glutathione (GSH) in gills of zebraﬁsh (Danio
rerio), exposed to water samples taken from the different sites in Mirim-Patos
lagoon system (codes for sampling sites are the same as those used in Fig. 1). Data
(nmol GSH/mg protein) are expressed as mean + standard error (n = 4–14). Similar
letters represent an absence of statistical differences (p > 0.05). (b) Expression of the
catalytic subunit of glutamate-cysteine ligase (GCLC) in gills of zebraﬁsh (Danio
rerio). Data (mRNA concentration of GCLC relative to b-actin) are expressed as
mean + standard error (n = 4–8). *: indicates statistical difference compared to
control group (p > 0.05).3. Results
Table 1 presents the results obtained for ions and carbon con-
centrations in each water sample. Similar values were registered
for almost all variables, with the exception of iron, which was more
concentrated in the tap water. Water samples from several regions
(COR, IP, SI) induced a signiﬁcant (p < 0.05; Fig. 1) lowering of ROS
concentrations in the gill tissue of D. reriowhen compared with the
control group (zebraﬁsh submitted to tap water). By the other
hand, exposure to water samples did not affect intracellular ROS
concentrations or the viability of hepatocytes (p > 0.05; data not
shown).
Concerning glutathione (GSH) levels and expression and activ-
ity of the key enzyme in its synthesis (glutamate-cysteine ligase,
GCL) in gills of D. rerio, we observed: (a) lower GSH levels in zebra-
ﬁsh exposed to water coming from SI when compared with ﬁsh ex-
posed to tap water (p < 0.05; Fig. 2a); (b) a peak of GCLC (catalytic
subunit of GCL) expression in zebraﬁsh exposed to COR water
(p < 0.05; Fig. 2b); and (c) lowered GCL activity in zebraﬁsh ex-
posed to IP water when compared with control group (p < 0.05;
Fig. 3a). Also, a positive and signiﬁcant (p < 0.05) relationship be-
tween gill GSH content and GCL activity was veriﬁed (Fig. 3b).Fig. 1. Concentration of reactive oxygen species (ROS) in gills of zebraﬁsh (Danio
rerio) exposed to water samples taken from the different sites in Mirim-Patos
lagoon system (IP: Ilha Pequena; SI: Santa Isabel; LM: Lagoa Mirim; FZP: Foz do rio
Piratini; COR: water source for human consumption; Control: tap water). Data
(ﬂuorescence area) are expressed as mean + standard error (n = 5–9). Similar letters
represent absence of statistical differences (p > 0.05).Antioxidant competence against peroxyl radical data showed no
differences neither in zebraﬁsh exposed to the different water
samples (p > 0.05; Fig. 4a). However, gills GSH levels were corre-
lated with antioxidant capacity when omitted data from ﬁsh
exposed to COR water samples, the only that presented a signiﬁ-
cant higher expression of GCLC (Fig. 4b). The inverse relationship
obtained means that to lower GSH values higher values of relative
ﬂuorescence values were recorded, reﬂecting lower competence to
neutralize peroxyl radicals.
Exposure to water samples induced an amnesic effect on zebra-
ﬁsh, since a similar latency time was registered in training and test
sessions, different to the higher latency time observed in the test
session in zebraﬁsh of the control group (p < 0.05; Fig. 5a). The bio-
marker categorization using the integral biomarker index showed
that branchial parameters of ﬁsh were affected presenting a differ-
ential response (categories 1 or 2) according to exposure media.
The impairment on ﬁsh parameters was ascribed mainly to cate-
gory 2 indicating that important differences were registered in ﬁsh
submitted to different water samples (Table 2). The most affected
parameters ascribed to category 2 were GSH, GCL expression, and
ACAP, whereas in a less extent the category 1 was represented
mainly by ROS concentration and behavior parameters. When the
integral response of all ﬁsh was considered (biomarker index), a
remarkable impairment in IPEQ and STISA ﬁsh was observed, with
100% and 80% of the individuals being classiﬁed as highly affected,
respectively (Fig. 5b).
Fig. 3. (a) Activity of glutamate-cysteine ligase (GCL) enzyme in gills of zebraﬁsh
(Danio rerio) exposed to water samples taken from the different sites in Mirim-
Patos lagoon system (codes for sampling sites are the same as those used in Fig. 1).
Data (nmol glutathione/mg protein/h) are expressed as mean + standard error
(n = 4–14). Similar letters represent an absence of statistical differences (p > 0.05).
GSH: glutathione. (b) Correlation between gill glutathione concentration and GCL
activity. Analyzed data considered mean values of each variable of zebraﬁsh
exposed to the different water samples and tap water (control group).
Fig. 4. (a) Antioxidant capacity against peroxyl radicals in gills of zebraﬁsh (Danio
rerio) exposed to water samples taken from the different sites in Mirim-Patos
lagoon system (codes for sampling sites are the same to those used in legend of
Fig. 1). Data (relative ﬂuorescence area) are expressed as mean + standard error
(n = 4–9). Similar letters represent an absence of statistical differences (p > 0.05).
ROS: reactive oxygen species. ABAP: 2,20-azobis 2 methylpropionamidine dihydro-
chloride, the peroxyl radical generator. (b) Correlation between gill glutathione
concentration and antioxidant capacity. Analyzed data considered mean values of
each variable of zebraﬁsh exposed to the different water samples and tap water
(control group). Seta shows COR data omitted for the correlation calculation.
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The results obtained in the present study indicate that some
water samples altered the redox state of zebraﬁsh gills. It is impor-
tant to emphasize that ROS concentration, as determined in pres-
ent study, measured liquid ROS, that is generated ROS minus the
‘‘quenched’’ ROS. In this sense, a lower ROS concentration could
indicate lower ROS generation, higher antioxidant capacity or both.
The fact that no differences in total antioxidant capacity was evi-
dent in both zebraﬁsh exposed to water samples seems to exclude
an effect over the quenching ROS capacity, pointing to a reduction
of ROS generation.
However, the signiﬁcant correlation between antioxidant
capacity and gill GSH content (excluding data of COR sample)
(Fig. 4b) suggest that at long term the antioxidant competence
against peroxyl radicals will be affected. Regoli and Winston
(1999) have observed that GSH possesses a higher antioxidant
capacity against peroxyl radicals (generated by ABAP thermal
decomposition) than against hydroxyl radicals. The responses of
zebraﬁsh exposed to water sampled from some points (SI, for in-
stance) showed a reduction of GSH, a result that can be related
to GCL activity. The positive and signiﬁcant correlation between
GCL activity and GSH levels (Fig. 3b), indicate that some water
samples, by affecting GCL activity, reduced GSH levels, a result that
should posses consequences in terms of antioxidant capacity
against peroxyl radicals (Regoli and Winston, 1999). Activity of
the key-limiting rate for GSH synthesis (GCL) is affected by post-
transcriptional events like phosphorylation. Authors like Sunet al. (1996) and Toroser et al. (2006) showed that phosphorylation
of catalytic subunit of glutamate-cysteine ligase (GLC), triggered by
PKA and PKC, affected enzymatic activity, including a lowering of
Vmax. As GCL is the rate-limiting enzyme for GSH synthesis, is
clear that a reduction of its activity will affect GSH levels
(Fig. 3b). Note that even when a peak in GCLC expression was ob-
served after exposure to COR water (Fig. 2b), this result was not
corresponded with a higher GCL activity. Primary sequences of cat-
alytic and regulatory (or modiﬁer) subunits of GCLC for zebraﬁsh as
available at NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez) and
programs like NetPhos (http://www.cbs.dtu.dk/services/NetPhos/)
can be used as a prediction tool to analyze possible phosphoryla-
tion sites in the selected proteins (Blom et al., 1999). By performing
this kind of analysis, it was established in the zebraﬁsh catalytic
subunit of GCL (631 amino-acid residues; NCBI reference
sequence: NP_954971) 15 possible phosphorylation sites at serine
residues, 7 at threonine residues and 9 at tyrosine residues. A
similar analysis for regulatory GCL (273 amino-acid residues; NCBI
reference sequence: NP_956139.1) gives 17 tentative phosphoryla-
tion sites at serine residues, four at threonine and only 1 at tyrosine
residues. Note that at present no phosphorylation studies over cat-
alytic GCL were performed on zebraﬁsh and, to our knowledge, no
evidences exist about the catalytic consequences of the phosphor-
ylation of the modiﬁer subunit of GCL, including mammals. How-
ever, these results indicate that this key enzyme for GSH
synthesis can probably be phosphorylated and their activity
modiﬁed.
Fig. 5. (a) Long-term memory in zebraﬁsh (Danio rerio) exposed to water samples
taken from the Patos Lagoon estuary (codes for sampling sites are the same as those
used in legend of Fig. 1). Data (latency time, in seconds) are expressed as
mean + standard error (n = 16–20). Asterisk (*) indicates statistical differences
(p < 0.05) between the training and test session of each experimental group. (b)
Integrated biomarker index for all the variables registered in zebraﬁsh (Danio rerio)
exposed to water samples taken from the Patos Lagoon estuary (codes for sampling
sites are the same as those used in legend of Fig. 2). Classiﬁcation in categories
affected or highly affected was deﬁned in the Section 2.
Table 2
Percentage (%) of exposed ﬁsh to be considered ‘‘affected’’ (A) or ‘‘highly affected’’
(HA) for each analyzed variable after 24 h exposure to water samples collected at
different places of Patos lagoon. COR: water source for human consumption at the
region. IP: Ilha Pequena. SI: Santa Isabel. LM: Lagoa Mirim. FZP: Foz do rio Piratini. Tap
water: water employed as control group in the assays conducted with zebraﬁsh
(Danio rerio). [ROS]: gills reactive oxygen species concentration (ﬂuorescence area).
Antioxidant capacity: competence to degrade/intercept peroxyl radicals (relative
ﬂuorescence area). [GSH]: gills reduced glutathione concentration (nmol GSH/mg
protein). GCL: gills glutamate-cysteine ligase activity (nmol glutathione/mg protein/
h). GCLC expression: expression of the catalytic subunit of glutamate-cysteine ligase
(mRNA concentration of GCLC relative to b-actin). LTM: long-term memory (latency
time, in seconds).
Variable LM FZP COR IP SI
A HA A HA A HA A HA A HA
[ROS] 20 20 0 0 60 0 0 100 0 80
Antioxidant
capacity
0 40 0 20 0 20 0 100 0 40
[GSH] 0 20 0 20 40 60 0 60 0 80
GCL 0 0 0 0 0 25 0 80 60 20
GCLC expression 0 80 0 0 0 100 25 50 0 80
LTM 20 20 40 0 40 0 40 0 40 20
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ference in sensitivity between gill tissue and zebraﬁsh hepatocytes
was evident, since neither viability variations nor changes in intra-
cellular ROS concentrations in the ZFL cell line was observed afterexposure to water samples and methyl parathion. A study by Tan
et al. (2008) showed that different ﬁsh cell lines exhibited more
or less sensitivity according to the metal assayed (Cd, Cu, Cr and
Zn), suggesting that a non-effect result may be obtained if water
samples are enriched with a pollutant that is not reactive with
the ZFL line. The reactivity of ﬁsh cell lines also depends upon
the concentration of antioxidants, as shown by Maracine and
Segner (1998), which reported the role of GSH as a chelator of
several metals, and demonstrated that the ﬁbroblast RTG-2 line
to be more sensitive to metals like Hg and Cd, if GSH synthesis
was blocked by the GCL inhibitor buthionine sulfoximine (BSO).
In this way, cells such as hepatocytes, with high levels of antioxi-
dants, including GSH (Grifﬁth, 1999), are perhaps less sensitive
to certain toxic molecules such as metals.
Of all biological parameters analyzed, long-term memory pre-
sented the highest sensitivity, showing that the ﬁve different water
samples induced amnesic effects (Fig. 5a). Studies like those of
Sandahl et al. (2007) report that salmon olfactory nervous systems
can be a target for environmental copper, affecting behavioral
parameters such as predator avoidance, even at low concentrations
(20 lg L1) and exposure times (3 h). Also brain toxicity induced
by the nanocompound fullerene (C60) is also thought to enter via
olfactory nerves (Oberdörster, 2004), demonstrating again the
importance of measuring neurotoxic variables in monitoring
programs. Levin et al. (2002) and Terry et al. (2003) showed that
organophosphorus pesticide (OP) exposure affects hippocampus-
dependent spatial memory in rats. Levin et al. (2003) found that
zebraﬁsh exposed 18 weeks to the OP chlorpyrifos, suffered an
affected spatial discrimination even at low concentrations
(10 lg L1). In this point is important to note that the herbicide
glyphosate and the organophosphorus pesticide parathion are
among the pesticides that have been used in rice cultures of
Southern Brasil and are considered as surface and ground-waters
potential contaminants as determined by theoretical models
(Cabrera et al., 2008).
Environmental pollution is frequently related to a complex mix-
ture of pollutants, where the analysis of biological effects precludes
the chemical characterization of the area under study. Under this
premise, some variables showed null discrimination between sam-
pling sites, either by absence of effects (i.e.: intracellular ROS con-
centration of hepatocytes) or by a complete positive response (i.e.:
long-tem memory measurements). Although an extreme sensitiv-
ity can be postulated for the LTM endpoint, we believe that the
comparison of variables with graded responses is better to indicate
localities with potential pollution problems. After performing this
analysis, it can be seen that changes in ROS concentrations in the
gills of zebraﬁsh results from exposure to water from the COR, IP
and SI sites (Fig. 1), changes in GSH concentration points to SI
(Fig. 2a), GCLC expression changes after exposure to water from
the COR site (Fig. 2b), and altered GCL activity after exposure of
zebraﬁsh to IP water (Fig. 3a). In this way, a sub-set of sampling
sites were characterized as possessing molecule(s) that alter the
pro-oxidant/antioxidant balance and indicates the need of a better
chemical characterization. Note that the measured parameters of
ions and carbon concentrations were similar for the different water
samples assayed, with the exception of iron. The higher [Fe] ob-
served in tap water may be related to some puriﬁcation process
in water treatment, since the concentration of the metal at the cap-
tion site (COR) was clearly lower. Note that although it can be spec-
ulated that Fe can trigger hydroxyl radical generation through the
Fenton reaction, it seems that the exposure time and/or the bio-
availability makes the responses of zebraﬁsh exposed to tap water
similar to water samples collected at sites considered a priori not
impacted (i.e.: LM). This was particularly true for antioxidant re-
sponses (i.e.: similar levels of GSH and GCL activity; similar relative
expression of the catalytic subunit of GCL), suggesting that the high
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important to note that for iron Brazilian legislation allows a max-
imum of 300 lg L1 for class I water (resolution 357, 03/17/2005;
www.mma.gov.br/port/conama/res/res05/res35705.pdf, Conselho
Nacional do Meio Ambiente), where it use is intended for human
consumption and preservation of aquatic fauna. In this way, the
maximum iron concentration determined in the tap water used
as control is more than ﬁve times lower that the maximum level.
In conclusion, the employment of molecular and biochemical
end points together with a cognitive variable (LTM) that integrate
several biochemical pathways such as ROS concentrations and ki-
nase activation (Barros et al., 2003; Serrano and Klann, 2004) have
shown to be useful to develop a methodology that mixes ﬁeld
activities to sample water and laboratory assays to analyze the bio-
logical effects of these samples, employing the zebraﬁsh D. rerio, a
well-established model for aquatic toxicology studies. The integral
biomarker index showed that some water samples induced molec-
ular and biochemical differences that prompted exposed ﬁsh to be
considered highly affected (Fig. 5b), a response consistent with an
acute exposure where no compensatory responses are expected to
occur. As stated previously by Amado et al. (2006a) it is not possi-
ble to point out a single chemical in the study area that is causing
the alterations observed in the present study. Moreover, it can be
considered the existence of synergistic effects from a combination
of chemicals triggering the biological effects observed in zebraﬁsh
exposed to different water samples.Acknowledgments
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